ATP-dependent allosteric regulation of the ring-shaped group II chaperonins remains ill defined, in part because their complex oligomeric topology has limited the success of structural techniques in suggesting allosteric determinants. Further, their high sequence conservation has hindered the prediction of allosteric networks using mathematical covariation approaches.
a r t i c l e s Allostery, critical for regulating protein activity in nearly all cellular processes, allows coordinated conformational transitions in oligomeric complexes and modulates protein function in response to changing environmental or metabolic conditions [1] [2] [3] [4] . Unlike other easily identifiable regulation strategies, such as post-translational modifications, allostery is defined by specific protein conformational changes in response to ligand concentration 5 . Defining the mechanism of an allosteric system therefore requires identifying the residues responsible for communicating conformational changes, often between distant regions in a protein or complex. Although described over 50 years ago, there remains no systematic strategy to determine allosteric mechanisms.
Detailed structures of relevant ligand states, if available, may suggest allosteric residues within a protein. Structural perturbation approaches 6, 7 and network analyses 8 , when applied to these structures, may suggest allosteric mechanisms. However, uncovering of key allosteric positions is often limited by the structural intuition of the investigator. In an effort to augment available structural data, computational frameworks have sought to predict allosteric networks from multiple sequence alignments 9 (Fig. 1a) . Such techniques are based on the notion that positions engaged in functionally or structurally important contacts will coevolve ( Fig. 1a) , producing patterns of covariation not seen between unlinked positions.
The most frequently used measures for contact prediction and covariation analysis, mutual information (MI) and statistical coupling analysis (SCA), have been wielded to great effect in biochemical studies of protein allostery 10 . As predictions using these methods are based on detecting correlated mutations on a background of random sampling in extant sequences, they are constrained by a number of biases. For instance, the underlying phylogeny of sequences can influence observed residue covariance 11 . Uneven sampling from the sequence space of a given protein family also introduces bias into the estimation of covariation. Finally, most existing algorithms are also strongly biased by residue conservation and are thus not applicable to highly conserved protein families. The existence of these biases has not precluded the successful application of covariation-type methods as tools for hypothesis generation in protein structure and function studies 10, [12] [13] [14] [15] [16] [17] . Many essential macromolecular complexes are both difficult structural targets and well conserved across evolution, leaving few viable strategies for uncovering their mechanisms of allosteric control. Among such conserved cellular machines, group II chaperonins stand out for their structural complexity and intriguing allosteric regulation.
Group II chaperonins consist of two eight-membered rings stacked back to back and are required for the folding of many essential archaeal and eukaryotic proteins [16] [17] [18] . Upon ATP hydrolysis, extended helices from each subunit coalesce to form an iris-like lid, thus creating a central chamber that encapsulates bound polypeptides and provides an isolated folding environment. The ATP-driven conformational cycle of chaperonins is controlled by a system of nested cooperativity conserved from archaea to eukaryotes [19] [20] [21] (Fig. 1b) . Subunits in one ring exhibit positive cooperativity, increasing nucleotide turnover, whereas negative cooperativity between the two rings slows cycling at high ATP concentrations ( Fig. 1b) 20, 21 . The allosteric determinants underlying both positive and negative cooperativity have yet to be identified. a r t i c l e s Here, we develop a novel framework for predicting allosteric networks in conserved proteins and apply it to archaeal group II chaperonins. To correct the bias introduced by residue conservation, we combined the average product correction (APC) with normalized mutual information (NMI). We show that our approach outperforms the previously described coevolution metric SCA5 (ref. 9) and MI with respect to residue conservation and sensitivity to noise. Using this approach, we identify a spatially contiguous network of residues that controls chaperonin allostery. This network comprises the ATPbinding pockets of all subunits of a given ring, linked through a single interfacial residue. We show that this residue, Met47, is involved in the assembly of the chaperonin complex and regulates the allostery of nucleotide cycling.
Our analyses suggests that evolution has limited the extent of cooperativity of nucleotide cycling to be lower than that attainable by the protein complex, likely to broaden the range of conditions over which the chaperonin can function. Thus, complexes maintaining cellular proteostasis have tuned allostery to ensure the robustness of the folding network. The successful identification of allosteric determinants in the group II chaperonins suggests that this framework may also be useful for understanding allosteric networks in other conserved protein machines.
RESULTS
An entropy-independent coevolution analysis framework SCA and MI are the most commonly used covariation measures for inferring allosteric residues from protein multiple-sequence alignments. These measures are known to depend strongly upon the conservation of residues in an alignment 22, 23 (Fig. 1c, Supplementary  Fig. 1 and Supplementary Note). As such, SCA and MI perform poorly with well-conserved protein families such as the group II chaperonins (data not shown) 22, 23 . The conservation dependence of MI is ameliorated by normalizing the MI score of each residue pair by dividing it by the joint entropy of the pair, yielding a measure known as normalized mutual information, or NMI (details in Supplementary Note) 24 . We combined the NMI with the APC, which corrects to some extent for the effects of phylogeny and sampling bias in the extant sequence pool 25 . Average product corrected MI (MIp) is regarded as the best-performing information theoretic measure of amino acid covariation that does not rely on an optimization routine 26 . Nevertheless, MIp has an entropy dependence similar to that of MI and is thus not applicable to conserved protein complexes ( Fig. 1c and Supplementary Fig. 1 ). We constructed a measure that combines the favorable properties of MIp with the reduced entropy sensitivity of NMI. We call this new measure average product corrected normalized mutual information, or APC-NMI (Supplementary Note). For a multiple-sequence alignment of a protein with n residues and m sequences, M∈R n×m , the APC-NMI between any pair of residue positions i and j is given as:
wherein I(M i M j ) denotes the mutual information between positions i and j, and H(M i M j ) is the Shannon entropy, or the sequence diversity, of the joint probability distribution for residues i and j. The APC is given as: which is the product of the means of the MI vectors for residues i and j (detailed description in Supplementary Note).
To test the performance of our approach, we first compared it to published methods, SCA5, MI and NMI, using synthetic alignments of a model protein with only two residues and two residue types ( Fig. 1c and Supplementary Fig. 1 ). This test scenario demonstrated that our new framework has reduced dependence on residue conservation as compared to MIp 25 or to SCA5 (ref. 9) ( Fig. 1c) . Our APC-NMI analysis also has the desirable feature of assigning higher raw scores to residue pairs with similar Shannon entropies ( Supplementary Fig. 1 ). Figure 1 Predicting coevolved residues in group II chaperonins. (a) Coevolution prediction theory. An important allosteric interaction exists between two residues (dotted green line). A sequence alignment for this protein family reveals a pattern of coevolution between these positions. (b) Group II chaperonins undergo a nucleotide-dependent conformational cycle. Three subunits are highlighted to show intra-and inter-ring pairs. For simplicity, proposed cooperative transitions are schematically indicated in the symmetric complex; however, asymmetric intermediates have been proposed 46, 61 . (c) The entropy dependence of various measures for two residue alignments with two residue types in the case of maximal covariation. Sample alignments are shown above the plot and move from nearly perfect conservation (left) to 1.0 bit of entropy (right). The pairwise score is computed for the indicated measure as a function of Shannon entropy. We do not evaluate APC-NMI at zero entropy as it is undefined there. (d) A phylogenetic tree of the group II chaperonin sequences found in the cpnDB. Residues with very low entropies are pruned from our alignments before analysis. 
a r t i c l e s
This makes intuitive sense inasmuch as covarying residues would be expected to have similar degrees of conservation. However, unlike those using uncorrected NMI, the analysis using APC-NMI is not biased toward highly conserved positions ( Supplementary Fig. 1b ). As in previous work, predicted coupled or covarying residues may be subjected to an empirical significance threshold and inspected directly 24, 25 or may be decomposed into components as in SCA 9 .
We used our new approach to define an allosteric network within the archaeal group II chaperonins 16, 17 (Fig. 1b ; detailed description in Supplementary Note). We began our inquiry by generating a highquality alignment and phylogenetic tree of the curated chaperonin peptide sequences found in the chaperonin database cpnDB 27, 28 . Of the 2,225 annotated group II sequences, 573 resided in the archaeal clade ( Fig. 1d) . We aligned the archaeal clade with Clustal Omega 28 and computed the APC-NMI matrix ( Supplementary Fig. 2c,d) . The APC-NMI scores were converted into P values by bootstrapping the distribution of pairwise scores. We retained 63 residues participating in 64 couples below a threshold of P = 0.005. The residues communicate across all three domains of the chaperonin subunit ( Fig. 1e) , creating interconnected networks, of which the largest consists 19 residues ( Fig. 1f , red highlight). Most importantly, this network strongly associated with the first component of the APC-NMI matrix ( Fig. 1f and Supplementary Fig. 3) .
A spatially contiguous allosteric network for intra-ring communication
Mapping the larger network of covarying residues from Figure 1f onto the structure of an archaeal chaperonin 29 revealed contiguous contacts throughout all subunits of each chaperonin ring ( Fig. 2a , left). Centered around the nucleotide-binding pocket of each subunit, this network suggests a pathway through which allosteric information is communicated around the ring to regulate ATP cycling ( Fig. 2a, right) . The other, smaller networks uncovered in our approach also mapped to spatially contiguous sets of residues ( Supplementary Fig. 4 , Supplementary Data Set 1), suggesting that for these residues, covariation likely arises from structural, or perhaps also functional, constraints. Given our interest in allosteric regulation of ATP hydrolysis, we focused on the large network communicating the ATP-binding sites, and the smaller networks were not investigated further.
Almost all residues in the largest network we identified surround the bound nucleotide, supporting the notion that our approach uncovered a bona fide allosteric network in group II chaperonins. Only two residues in this network are located outside the equatorial domain: apical residues Met223 and Pro224. Notably, the mutation M223I allows the archaeal group II chaperonin to replace the essential group I chaperonin GroE to support bacterial growth, suggesting that this position may also influence the chaperoninfolding cycle 30 . In the equatorial domain, this network encompasses key elements known to participate in the chaperonin nucleotide cycle ( Fig. 2b) . Such motifs include the P loop, key for ATP binding (Thr93, Fig. 2b, green) ; the nucleotide-sensing loop, which senses whether the γ-phosphate in ATP has been hydrolyzed to ADP (Lys16, Fig. 2b, red) ; and the catalytic residue Asp386 (Fig. 2b, yellow) 29, 31 . Further examination of the network revealed two yet unstudied residues, Glu408 and Lys495, contacting the ribose of bound nucleotide (Fig. 2b, magenta) . Multiple residues of the stem-loop, a β-hairpin at the interface of adjacent equatorial domains, are also identified ( Fig. 2b, blue) . One of these residues, Met47, spans the subunit interface and interacts with the first helix of its neighbor (Fig. 2b,c) .
Met47 is well positioned to allosterically link the nucleotide-binding sites of neighboring subunits (Fig. 2c) . Starting from the ATPbinding site, the base of the stem-loop interacts with the nucleotide and extends toward the central axis of the complex. Met47 then extends from the stem-loop across the intra-ring-subunit interface to residues Asn24 and Ala20 at the N-terminal end of helix H1 in the neighboring subunit ( Fig. 2c) 29, 31 . The C-terminal end of helix H1 contacts the nucleotide in this neighboring subunit and then forms the base of its stem-loop. We hypothesized that this repeating pattern 
Steric compatibility at stem-loop interface is required for chaperonin assembly
The single interfacial residue of the network, Met47, was a clear candidate to mediate communication between adjacent subunits. Details on choosing Met47 for further analysis is in the Supplementary Note. We tested the relevance of this residue using the homo-oligomeric archaeal group II from Methanococcus maripaludis, herein Cpn. Cpn has served as a versatile model system for investigating the group II chaperonins 32, 33 and has proven particularly amenable to structural 29, [34] [35] [36] and biochemical studies 20, [37] [38] [39] .
Over 95% of archaeal sequences, including Cpn, contain methionine at position 47, with leucine and isoleucine being the only alternative residues (Fig. 3a, left) . Half of the subunits in eukaryotic chaperonin TRiC/CCT (TCP1-ring complex or chaperonin containing TCP1) also favor methionine at this position, with the other four favoring leucine or isoleucine (Fig. 3a, right) . To test the functional significance of these variants, we introduced these substitutions into the wild-type Cpn (hereafter referred to as Met47). Whereas M47L Cpn (hereafter Leu47) assembles into the full 1-MDa complex, M47I Cpn (hereafter Ile47) is monomeric, as determined by size exclusion chromatography coupled with multiangle static light scattering (SEC-MALS) (Fig. 3b) . This assembly phenotype can be rationalized by the architecture of the intersubunit interface. Met47 interacts with a narrow pocket on the adjacent subunit, which appears incapable of accommodating β-branched amino acids (Supplementary Fig. 5a ). Indeed, additional mutants predicted to disrupt this tight interface also yield stable monomers (Supplementary Figs. 5c and 6a,b) .
The tunable allosteric regulation of chaperonin cooperativity
We next examined the effect of these variants on the allostery of ATP hydrolysis. Like all chaperonins, Cpn has nested cooperativity for ATP hydrolysis, whereby subunits in one ring exhibit positive cooperativity at low and intermediate ATP concentrations, whereas negative cooperativity between the rings slows turnover at high ATP concentrations 20 . Of note, the monomeric Ile47 hydrolyzes ATP at roughly twice the rate of Met47 (Supplementary Fig. 7a ). This likely arises because of the lack of negative cooperativity, which limits cycling in the assembled complex at high ATP concentrations ( Supplementary  Fig. 7a) 20 . In contrast, Leu47 displays nested cooperativity as observed for Met47: nucleotide hydrolysis increases cooperatively over low ATP concentrations and decreases at physiological levels of ATP (Fig. 3c) . Strikingly, Leu47 alters the allosteric regulation of ATP cycling. The initial transition at low ATP concentrations became more cooperative, with a Hill coefficient nearly double that of Met47 (Fig. 3d) . The decrease in turnover at high ATP concentrations is largely unchanged in Leu47 with respect to that of Met47, suggesting this variant affects specifically intra-ring positive cooperativity (Supplementary Fig. 7b ). We conclude that the residue at position 47 relays allosteric information between neighboring intra-ring subunits.
Mechanistic basis of positive cooperativity in group II chaperonins
The fact that the single Leu47 mutation can double the Hill coefficient in Cpn affords an opportunity to understand allosteric regulation in chaperonins. To examine the allosteric changes introduced by Leu47, we compared discrete steps of the nucleotide cycle. Total ATP binding was monitored through [α-32 P]ATP recovery, whereas ATP hydrolysis was monitored by comparing the levels of bound αand γ-32 P-radiolabeled ATP, which define the amount of ATP hydrolyzed by the complex (Fig. 4a) . The hydrolysis-deficient mutant D386A serves as a control, as it should bind equal levels of both [α-32 P]ATP and [γ-32 P]ATP. Despite cycling ATP faster than Met47, Leu47 binds only modestly more nucleotide than the WT (Fig. 4b, i,ii) . Further, the difference between total and nonhydrolyzed ATP is unchanged (Supplementary Fig. 8 ). This indicates that the increase in nucleotide turnover at high ATP concentrations is not due to Leu47 complexes hydrolyzing more nucleotides per cycle.
At low ATP concentrations, Met47 and Leu47 bound equivalent amounts of nucleotide (Fig. 4b, iii) . However, unlike Met47, Leu47 did not hydrolyze detectable amounts of bound nucleotide (Supplementary Fig. 8) . Thus, the slower cycling of Leu47 at low ATP concentrations is linked to a lack of nucleotide hydrolysis rather than to lower nucleotide binding. Thus, the network centered on Met47 senses nucleotide occupancy and establishes a minimal threshold required to trigger the conformational change that accompanies ATP hydrolysis.
Our data indicate that Leu47 raises the nucleotide occupancy requirement for ATP hydrolysis, which manifests as an absence of hydrolysis at low ATP concentrations. Because Leu47 has higher ATPase rates at high ATP concentrations, we next tested whether M47L changes the dynamic equilibrium between the open and closed populations. To this end, we exploited the observation that open and closed chaperonins have distinct sensitivities to proteinase K digestion 20 . Upon closure, the unstructured, protease-sensitive apical domain protrusions coalesce to form a protease-resistant lid over the folding chamber. Accordingly, protease sensitivity can a r t i c l e s assess the kinetics of lid closure of the complex (Fig. 4c) . Leu47 shows slower protease digestion (Fig. 4c) , indicating that at steady state, a greater proportion of complexes exist in the closed conformation. Given equivalent nucleotide occupancy and faster overall turnover, we can conclude that the transition from the open to the closed conformations, driven by ATP hydrolysis, occurs faster in Leu47 (Fig. 4d) .
Taken together, the described experiments establish how the network centered on residue 47 establishes allosteric communication between subunits. First, it allows subunits to sense nucleotide occupancy in their intra-ring neighbors, thereby setting the threshold of occupancy required to trigger ATP hydrolysis. In turn, this modulates the rate of lid closure (Fig. 4d) . Allostery is tunable by a single point mutation, which can enhance cooperativity by raising the nucleotide occupancy threshold, thereby resulting in faster cycling.
Linking chaperonin cooperativity to substrate folding
We next examined the role of chaperonin oligomerization state and cooperativity on misfolded protein binding and folding (Fig. 5) . Whether the oligomeric structure of chaperonins is required to suppress protein aggregation and promote folding has been a matter of debate [40] [41] [42] [43] . We first compared the ability of monomeric and oligomeric forms of the chaperonin to suppress aggregation ( Fig. 5a  and Supplementary Fig. 9 ). We used the aggregation-prone RadB, an endogenous Cpn substrate in M. maripaludis (Fig. 5b) (T.L., L. Joachimiak, J. Dodsworth, J. Leigh & J.F. unpublished data). RadB readily aggregates when diluted from denaturant, but Met47 efficiently suppresses aggregate formation. Leu47 similarly suppressed RadB aggregation, indicating that both oligomeric chaperonins have similar affinity for the unfolded polypeptide (Fig. 5b,c) . Surprisingly, the monomeric chaperonin Ile47 also suppressed RadB aggregation at similar substrate:Cpn monomer molar ratios as in the fully assembled complexes (Fig. 5b,c and Supplementary Fig. 9) . Thus, the oligomeric architecture is not required for efficient suppression of aggregation. Although previous findings showed that isolated substrate-binding apical domains of GroEL and CCT subunits can prevent aggregation in vitro and in vivo, the apical domains always exhibited lower efficiency than the assembled complex [40] [41] [42] [43] . This finding, that Cpn monomers are as efficient as the full oligomer, suggests that avidity derived from polyvalent interaction does not play a substantial role in the binding of at least some proteins.
Efficient substrate binding does not necessarily predict efficient folding. We compared the ability of Met47, Leu47 and Ile47 to promote nucleotide-dependent folding of the model substrate rhodanese. Folding was examined under two regimes. With ATP, the chaperonin cycles between the open substrate-binding state and the closed substrate-folding state, allowing iterative cycles of substrate binding and release 17, 44, 45 . The presence of ATP-AlFx creates a trapped, closed state a r t i c l e s following one round of hydrolysis, as the AlFx mimics the trigonalbipyramidal state of ATP hydrolysis 46 . Under these conditions, the substrate is encapsulated within the chamber and folds without reopening (Fig. 5c) 37 . Under both nucleotide regimes, Met47 and Leu47 efficiently and comparably folded rhodanese in an ATP-dependent manner (Fig. 5d) .
In contrast, despite rapid nucleotide hydrolysis, Ile47 monomers failed to promote ATP-dependent substrate folding (Fig. 5d) .
Thus, productive folding of proteins such as rhodanese requires encapsulation and release within the oligomeric chaperonin chamber 37 . However, monomers retain basic chaperone functionality, suppressing aggregation and ATP hydrolysis, that may serve a role in the proteostasis network. This could be particularly useful in archaea, which lack the diverse chaperone machinery common to higher organisms 47 . That single substitutions are capable of eliciting such dramatic changes in allostery raises the questions of why Met47 is the dominant variant in archaea and why this specific cooperative setpoint has become prevalent across group II chaperonin evolution. The chaperonins use ATP hydrolysis to cycle between two conformational states. In the open state, they bind non-native proteins and suppress aggregation, independent of nucleotide concentration. Folding occurs only when the bound polypeptide is encapsulated and released into the closed chamber 37 . The hydrolysis cycle drives the transit between these states, and any allosteric change will impact the folding activities of the chaperonin (Fig. 5e) .
In principle, it may appear beneficial to increase the extent of cooperativity and maximize folding activity with minimal ATP. To test this, we compared substrate-folding rates for the Met47 and Leu47 variants at intermediate and low concentrations of ATP. Despite faster cycling at intermediate ATP concentrations, substrate folding by Leu47 showed no rate or yield enhancement compared to the lesscooperative Met47 (Fig. 5f) . Of note, at very low ATP concentrations, the more-cooperative Leu47 showed a defect in substrate folding (Fig. 5g) . These results suggest that group II chaperonins have tuned this allosteric network to maximize the range of ATP concentration at which folding can occur over a mechanism that allows faster cycling. Increasing cooperativity appears to undermine chaperonin folding activity when ATP is limiting, without providing any benefit when it is abundant.
DISCUSSION
The complex allosteric regulation of group II chaperonins, key to their activity in vivo, has remained elusive. Because chaperonin conservation precluded application of current mathematical approaches to predict networks of covarying residues, we developed a method for predicting covarying residues in highly conserved protein families based on a corrected form of MI. This approach revealed a contiguous allosteric network that comprises residues involved in nucleotide cycling and connects all nucleotide-binding pockets across the chaperonin ring. Focusing on the interfacial residue in this network defined how intra-ring positive cooperativity is regulated in group II chaperonins. In particular, this residue, located in the stem-loop connecting adjacent subunits, determines the setpoint for allosteric regulation. a r t i c l e s
We find that the extent of chaperonin cooperativity is not defined by the overall architecture of the complex or the large-scale domain movements of the individual subunits. Instead, it is guided by a network of residues communicating the earliest steps of the hydrolysis cycle throughout the ring. Nucleotide occupancy within a ring is sensed and communicated through this network by a residue in the β-sheet formed by the stem-loop of one subunit and the N-and Cterminal tails of its neighbor.
Our analysis highlights the way in which cycling is controlled under different nucleotide-concentration regimes (Fig. 4d) . At low ATP concentrations, only those complexes that have bound a sufficient number of ATP are able to close their lid. That a single mutation of the network increases this occupancy threshold indicates that the chaperonin does not require full nucleotide occupancy for closure. In the case of Cpn, all the subunits are chemically identical and thus substoichiometric occupancy cannot be attributed to distinct intrinsic affinities. This is not the case for the hetero-oligomeric eukaryotic chaperonin TRiC/CCT. TRiC subunits have markedly distinct affinities for ATP, and nucleotide binding to half of its eight distinct subunits is dispensable for viability 48 . The evolution of TRiC subunits with distinct nucleotide affinity likely arose from the fact that archaeal chaperonins, even those that are homo-oligomeric, cycle with fewer than eight bound nucleotides.
The interface between the stem-loop and neighboring subunit is also important for complex assembly. The analysis of the geometry at this interface (Supplementary Fig. 5) provides an intriguing possibility for the unique architecture of TRiC, where the eight paralogous subunits assemble into a sole functional arrangement 49, 50 . Perhaps eukaryotes exploit this interface to limit the number of possible subunit arrangements within TRiC. Incompatibilities between subunits, such as those that exist between narrow binding sites and β-branched side chains at this interface, would lead to a dramatic decrease in the number of allowable arrangements. Given the eight CCT subunits, there exist 7! (5,040) possible ring arrangements. Ile47 is highly conserved in subunits CCT5 and CCT8. Requiring that these subunits abut one of the two compatible binding partners results in the number of possible arrangements being 2 × 5! (240), a >95% reduction. It is tempting to suggest that subunit-specific modulation of this interface architecture helped give rise to the precise and evolutionarily conserved arrangement of the hetero-oligomeric TRiC/ CCT complex 49, 50 .
Our findings underscore how complexes evolve to tune cooperativity to resolve the trade-offs required to maintain protein homeostasis under all growth conditions. The ATP-dependent enzymes responsible must be tuned to balance folding speed during rapid growth with functionality under energy-limited conditions. While single point mutations can increase chaperonin cooperativity to produce maximal substrate turnover at lower ligand concentrations, this creates a less versatile complex that has little to no activity below a given ligand threshold (Fig. 6) . Group II chaperonins tune their allosteric networks to be less cooperative than attainable, likely to support folding over the widest range of cellular nucleotide concentrations. Interestingly, this may be a general feature of ATPases involved in proteostasis. Other ATP-dependent oligomeric complexes involved in proteostasis, including the eukaryotic chaperonin TRiC, also exhibit Hill coefficients in the 1.2-1.8 range, similar to that of the Cpn 51-53 . Complexes do not evolve to maximize cooperativity but rather finely tune allosteric networks to achieve optimal activity over the range of necessary ligand concentrations. Where any given complex falls on this continuum will rely on factors such as substrate availability and how crucial function is for survival.
Our analysis of chaperonin allostery, historically refractory to many methods, highlights the predictive power of our information theoretic approach. Our approach may be useful for the analysis of other conserved protein complexes, although it does not explicitly account for other biases that plague coevolution studies, such as the phylogenetic relationship between sequences in the multiple sequence alignment, which is known to introduce artifactual covariation between taxa 11, 54 (details in Supplementary Note). Indeed, covariation techniques are without a doubt useful aids to hypothesis generation 10, [12] [13] [14] [15] 55, 56 . Contemporary algorithms relying on pseudo likelihoods and/or sparse priors [57] [58] [59] are already performing well enough to inform ab initio fold prediction 60 . Despite their favorable performance, these unsupervised algorithms will likely give way in coming years to supervised deeplearning-based methods with the potential to account for the biases discussed here and those of which we remain unaware. With the rapid expansion of available sequence data, these approaches could help define coevolving functional residue networks that regulate activity in other highly conserved protein families.
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